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Low molecular weight heparin and 
direct oral anticoagulants influence 
tumour formation, growth, 
invasion and vascularisation by 
separate mechanisms
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the bidirectional association between coagulation and cancer has been established. However, 
anticoagulant therapies have been reported to have beneficial outcomes by influencing the 
vascularisation of the tumours. In this study the influence of a set of anticoagulants on tumour 
formation, invasion and vascularisation was examined. WM-266-4 melanoma and AsPC-1 pancreatic 
cancer cell lines were treated with LMWH (tinzaparin and Dalteparin), and DoAC (Apixaban and 
Rivaroxaban) and the rate of tumour formation, growth and invasion were measured in vitro. 
In addition, the influence of these anticoagulants on vascularisation was examined using the 
chorioallantoic membrane assay (CAM) model and compared to the outcome of treatment with 
Bevacizumab. Using this model the influence of pharmacological concentrations of the anticoagulant 
on the growth, invasion and vascularisation of tumours derived from WM-266-4 and AsPC-1 cells was 
also measured in vivo. tinzaparin and Daltepain reduced tumour formation and invasion by the cell 
lines in vitro, but with dissimilar potencies. In addition, treatment of CAM with LMWH reduced the local 
vascular density beyond that achievable with Bevacizumab, particularly suppressing the formation of 
larger-diameter blood vessels. In contrast, treatment with DOAC was largely ineffective. Treatment of 
CAM-implanted tumours with LMWH also reduced tumour vascularisation, while treatment of tumours 
with Apixaban reduced tumour growth in vivo. In conclusion, LMWH and DoAC appear to have anti-
cancer properties that are exerted through different mechanisms.
Thrombotic complications are among the leading causes of morbidity and mortality in cancer patients1,2 and 
to date, low molecular weight heparin (LMWH) remains a recommended regime for anticoagulation in cancer 
patients2–4. Favourable biological effects of LMWH in the treatment of cancer patients appear to extend beyond 
the treatment of thrombosis5–7 although these have not definitively translated into clinical gains8,9. These benefi-
cial influences include the inhibition of chemotaxis10,11, tumour growth10,12, metastasis5,10,13,14 and the inhibition 
of angiogenesis14–19, and are not mutually exclusive. In contrast, other studies do not point to an anti-proliferative 
property for LMWH20,21. Furthermore, although similarities exist between the different preparation of LMWH22, 
there are differences in physicochemical properties and biological actions of these agents which may explain some 
of the variability of results in clinical studies23,24. LMWH is an anti-coagulant which acts by inhibiting factor Xa 
(fXa) in an antithrombin-dependant manner. However, preparations of LMWH differ in size and charge22 which 
in turn differentially bind a large variety of proteins within the blood stream18,25 resulting in variable responses 
by the cells. One such outcome of LMWH includes the release of tissue factor pathway inhibitor (TFPI) from 
endothelial cells26. The release of TFPI in turn inhibits the components of the extrinsic pathway of coagula-
tion26 as well as constraining angiogenesis by blocking the phosphorylation of VEGF-receptor 227. Furthermore, 
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non-anticoagulant heparins such as S-NACH have been shown to possess anti-oncogenic properties28 which 
further suggests that the beneficial effects of LMWH may be distinct from the anticoagulant function25.
The recent development of clinically relevant direct anti-fXa inhibitors provides an opportunity to appor-
tion elements of anti-cancer influence of LMWH to particular mechanisms with greater accuracy. Recently, the 
use of direct oral anticoagulants (DOAC) have become an option in the treatment of cancer-associated venous 
thromboembolism2. The anticoagulant function of agents such as Apixaban and Rivaroxaban is derived from the 
inhibition of coagulation factor Xa, and is therefore similar to that of a number of LMWH. However, these agents 
do not require the function of antithrombin III, which also possesses independent anti-angiogenic properties29.
The chorioallantoic membrane (CAM) based model is an established model to explore the anti-angiogenic 
potential of biological agents and to examine the properties of tumours30,31. Recently, a number of studies have used 
this procedure to examine and compare the influence of preparations of LMWH as anti-angiogenic agents32–36. 
In this study, we have used the CAM model in chick embryo to explore the ability of selected anticoagulants to 
influence tumour vascularisation, using tumours prepared from MW-266-4 melanoma and AsPC-1 pancreatic 
cancer cell lines. The CAM were supplemented with the LMWH; Tinzaparin and Dalteparin, and also with direct 
oral anti-coagulants; Apixaban and Rivaroxaban, and were compared to the effects of the VEGF-receptor blocker; 
Bevacizumab, in vivo. In addition, the direct influence of these anticoagulants on tumour formation, growth and 
invasion was examined by preparing spheroid tumours which were then implanted into the invasion matrix in vitro.
Material and Methods
Reagent preparation. Tinzaparin solution (20,000 IU/ml Innohep, LeoPharma Ballerup, Denmark) and 
Dalteparin solution (25,000 IU/ml Fragmin, Pfizer, Tadworth, UK) were diluted in sterile phosphate buffered 
saline (PBS) as required. Apixaban and Rivaroxaban were obtained as pure compounds from, Bistrol-Myers 
Squibb (New York, USA) and Bayer (Leverkusen, Germany) respectively. These were then dissolved gradually 
in dimethyl sulfoxide (DMSO; 0.1% v/v final concentration) and then diluted to 4 mg/ml in PBS. Controls were 
also prepared by diluting DMSO. Bevacizumab solution (25 µg/ml Avastin; Roche, Welwyn Garden City, UK) was 
diluted in sterile PBS as required.
Cell culture and determination of cell numbers. WM-266-4 melanoma cell line and AsPC-1 pancreatic 
cancer cell lines (ATCC, Teddington, UK) were cultured in RPMI-1640 supplemented with 10% (v/v) foetal calf 
serum (FCS). Cell numbers were determined by crystal violet staining as previously described and calculated 
from a standard curve37,38.
Analysis of tumour spheroid growth and invasiveness in vitro. Tumour spheroids were prepared 
by seeding out WM-266-4 or AsPC-1 cells (2 × 104) in non-adherent Nunclon Sphera 96 wells plates (Thermo 
Scientific, Warrington, UK) in 50 µl of media. The cells were maintained at 37 °C, 5% CO2 for 4 days to permit 
the formation of tight tumour spheroids. Invasion matrices were prepared by adding 20 µl of Cultrex Spheroid 
Invasion matrix (Bio-Techne Ltd., Abingdon, UK) in 12-well ibidi µ-chambers (Thistle Scientific, Glasgow, UK) 
and supplemented with the appropriate media (100 µl) containing a range of concentrations of Tinzaparin or 
Dalteparin (0–5 IU/ml), Apixaban (0–1 µg/ml) or Rivaroxaban (0–0.6 µg/ml). The tumours were gently trans-
ferred to individual invasion assay wells and allowed to set for 1 h at 37 °C. The spheroid tumours were examined 
daily for up to 72 h by white-light microscopy and photographed using multiple exposures. The multiple images 
from each sample were then collated and stitched into a composite figure. The observable area of the spheroid and 
the invasion of the cells into the matrix were analysed using ImageJ software.
Analysis of tumour formation by measuring tumour intactness in vitro. Tumour spheroids were 
prepared by seeding out WM-266-4 or AsPC-1 cells (2 × 104) in non-adherent Nunclon Sphera 96 wells plates in 
media (100 µl) containing a range of concentrations of Tinzaparin or Dalteparin (0–5 IU/ml), Apixaban (0–1 µg/
ml) or Rivaroxaban (0–0.6 µg/ml). The cells were maintained at 37 °C, 5% CO2 for 48 h to permit the formation 
of the spheroid tumours. The spheroid tumours were examined daily for up to 72 h by white-light microscopy 
and photographed. The relative tumour intactness was then assessed from the size of the formed tumours as well 
as the number of detectable tumour particles. However, this assay was not usable as a means of measuring the 
tumour cell proliferation or tumour spreading.
Analysis of vascularisation using the chorioallantoic membrane assay model. The study was 
carried out under the UK home office animal licence 40/3564 and approved by the host institute and all methods 
were performed in accordance with the relevant guidelines and regulations. The chorioallantoic membrane assay 
(CAM) were prepared and examined as follows. Fertilized white Leghorn chicken eggs were provided by Henry 
Stewart & Co. Eggs (Hull, UK) and were stored at 12–18 °C for up to 5 days before use. The eggs were placed in 
an incubator at 70% relative humidity and 37 °C. On the fifth day, a window of approximately 4 cm2 was cut into 
the shell above the air sack and the shell membrane removed from the exposed area. The window was covered 
with a plastic cap and the eggs returned to the incubator. On the twelfth day, when the CAM reached around 2 cm 
across, any CAM test with insufficient vascularisation were excluded. Gelfoam absorbable gelatine pads (Pfizer, 
Tadworth, UK) were soaked with a range of concentrations of the test reagents or with controls. Test reagents, 
Tinzaparin (0–5 IU/ml), Dalteparin (0–5 IU/ml) and the VEGF-receptor blocker Bevacizumab (0–12.5 µg/ml), 
were tested alongside the PBS control. FXa inhibitors Apixaban (0–1 µg/ml) and Rivaroxaban (0–0.6 µg/ml) were 
examined along with a DMSO-treated control. The pads were then placed on the top of the CAM (Supplemental 
Fig. 1) and the orientation of the Gelform recorded. The extent of vascularisation within the CAM was exam-
ined using a Leica stereomicroscope (Leica/GT Vision, Stansfield, UK) over the following 3 days and Images 
captured using the Leica Application Suite software (version 2.1.0). The images were obtained from the same 
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positions adjacent to the Gelform to ensure that the same area was examined over the 3 days. The micrographs 
were grouped and coded with an electronically-generated identification number. The samples were then assigned 
a vessel density score of 0, if there was a 50% or more reduction in vessel density when compared with reference 
sets of untreated CAM vessels, or 1 if there was no reduction. The scoring was carried out in 4 fields of view 
taken from each treatment area. The scores were then averaged for each treatment area on each day and assessed. 
Figure 1. The influence of LMWH on WM-266-4 tumour invasion. Tumour spheroids were prepared by 
seeding out WM-266-4 (2 × 104) in non-adherent Nunclon Sphera 96 wells plates in 50 µl of media. After 4 days 
the tumours were transferred to Cultrex Spheroid Invasion matrix in 12-well µ-chambers and supplemented 
with the appropriate media (100 µl) containing a range of concentrations of Tinzaparin or Dalteparin (0–5 
IU/ml). (A) The spheroid tumours were examined daily for up to 3 days, by white-light microscopy and 
photographed. (B) The invasion of the cells into the matrix was analysed using ImageJ software. (n = 3, 
*p < 0.05 vs PBS control).
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In order to determine the average diameter of the blood vessels in the samples, the micrographs were generated to 
include a scale bar was using the Leica Application Suite software and were analysed by ImageJ program.
Analysis of tumour growth, invasiveness and vascularisation using CAM model, in vivo. Tumour 
were prepared by resuspending WM-266-4 or AsPC-1 cells (2 × 106) within Matrigel matrix (5 µl; BD Bioscience, 
Wokingham, UK) containing Tinzaparin (5 IU/ml), and Apixaban (0–1 µg/ml) as well as the respective vehicle 
controls. The Matrigel containing the tumours were permitted to set and then placed on top of the CAM and the ori-
entation of the recorded. The size of the tumour was recorded on each day by white-light microscopy as above. The 
CAM tests were inspected daily for up to 3 days after which the tumours and surrounding tissue were excised and 
Figure 2. The influence of DOAC on WM-266-4 tumour invasion. Tumour spheroids were prepared by seeding 
out WM-266-4 (2 × 104) in non-adherent Nunclon Sphera 96 wells plates in 50 µl of media. After 4 days the 
tumours were transferred to Cultrex Spheroid Invasion matrix in 12-well µ-chambers and supplemented with 
the appropriate media (100 µl) containing a range of concentrations of Apixaban (0–1 µg/ml) or Rivaroxaban 
(0–0.6 µg/ml). (A) The spheroid tumours were examined daily for up to 3 days, by white-light microscopy and 
photographed. (B) The invasion of the cells into the matrix was analysed using ImageJ software. (n = 3).
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fixed in 4% (v/v) paraformaldehyde. In order to determine tumour vascularisation, the tumours and the underlying 
membranes were separated. The underlying membranes were washed three times with PBST (PBS containing 0.5% 
(v/v) Tween 20), and developed using a FITC-conjugated anti-PECAM-1 antibody (eBioscience/Thermo Scientific, 
Figure 3. The influence of LMWH and DOAC on tumour formation by WM-266-4 cells. Tumour spheroids 
were prepared by seeding out WM-266-4 cells (2 × 104) in non-adherent Nunclon Sphera 96 wells plates in 
media (100 µl) containing a range of concentrations of Tinzaparin or Dalteparin (0–5 IU/ml), Apixaban (0–1 µg/
ml) or Rivaroxaban (0–0.6 µg/ml). The cells were maintained at 37 °C, 5% CO2 for 48 h to permit the form 
spheroid tumours. (A,B) The spheroid tumours were examined daily for up to 72 h, by white-light microscopy 
and photographed. (C) The rate of formation of intact tumours was then assessed from the size of the formed 
tumours and the number of detectable tumour particles. (n = 3, *p < 0.05 vs PBS control).
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Warrington, UK) diluted 1:400 (v/v) in PBST. The samples were then washed a further three times with shaking 
(10 min each) and images were acquired using a Ziess Axio Vert.A1 inverted fluorescence microscope with (Carl 
Zeiss Ltd, Welwyn Garden City, UK). The extent of vascularisation was determined by ImageJ program as above.
Figure 4. The influence of LMWH and DOAC on tumour formation by AsPC-1 cells. Tumour spheroids 
were prepared by seeding out AsPC-1 cells (2 × 104) in non-adherent Nunclon Sphera 96 wells plates in media 
(100 µl) containing a range of concentrations of Tinzaparin or Dalteparin (0–5 IU/ml), Apixaban (0–1 µg/ml) 
or Rivaroxaban (0–0.6 µg/ml). The cells were maintained at 37 °C, 5% CO2 for 48 h to permit the form spheroid 
tumours. (A,B) The spheroid tumours were examined daily for up to 72 h, by white-light microscopy. (C) The 
rate of formation of intact tumours was then assessed from the size of the formed tumours and the number of 
detectable tumour particles. (n = 3, *p < 0.05 vs PBS control).
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statistical analysis. Statistical analysis of the data was performed using the Statistical Package for the Social 
Sciences (SPSS Inc. Chicago, USA) and the calculated means values shown. The number of experiments was as 
stated in each figure legend ± the calculated standard error of the mean. The significance values were calculated 
by paired t-test, or the one-way ANOVA (analysis of variance) procedure with Tukey’s honesty significance test.
Figure 5. The influence of Tinzaparin and Becacizumab on vascularisation in CAM. The chorioallantoic 
membrane assay (CAM) were prepared and examined as described in the text. Gelfoam absorbable gelatine pads 
were soaked with a range of concentrations of Tinzaparin (0–5 IU/ml), Bevacizumab (0–12.5 µg/ml) or PBS 
control which were placed on the top of the CAM. (A) The extent of vascularisation within the CAM was then 
examined over 3 days and Images captured using Leica Application Suite software. (B) The vessel density and (C) 
average vessel diameter was determined in Tinzaparin-treated CAM, and was compared to the (D) vessel density 
and (E) average vessel diameter in Bevacizumab-treated samples. (n = 5, *p < 0.05 vs respective PBS control).
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Results
LMWH reduces tumour invasion in vitro. Spheroid tumours were prepared by culturing WM-266-4 
or AsPC-1 cells in non-adherent plates which were then transferred to the invasion matrix containing the test 
reagents. The growth and invasion of the tumours was then determined by measuring the size of the main sphe-
roid and the reach of the invading cells. The rate of invasion through the matrix was dissimilar between the 
two cell lines with WM-266-4 demonstrating a faster rate. Consequently, the data presented depicts the days of 
measurement most appropriate for each cell line. Incubation of WM-266-4 spheroids with Tinzaparin (5 IU/ml) 
or Dalteparin (5 IU/ml) significantly reduced tumour invasiveness within the matrix (40% and 30% reduction 
respectively) by the third day (Fig. 1). However, neither Tinzaparin nor Dalteparin altered tumour invasion by 
AsPC-1 cells (Not shown). In addition, the inclusion of Rivaroxaban or Apixaban did not have any detectable 
influence on tumour invasiveness in WM-266-4 (Fig. 2) or AsPC-1 cells (not shown).
LMWH suppresses tumour intactness/formation. The formation of spheroid tumours within 
non-adherent plates was assessed in the presence of the test reagents. In this assay the tumours are formed 
in non-adherent wells where they cannot spread normally. Consequently, the assay only measures the ability 
of cells to form tumour mass and does not measure either the tumour-cell proliferation or spreading. Once 
more, the magnitude of tumour formation was dissimilar between the two cell lines with WM-266-4 forming 
tighter tumours. Moreover, the inclusion of Tinzaparin markedly reduced tumour intactness in WM-266-4 
cells on the first day and significantly inhibited the tumour formation by the third day of experiment (Fig. 3). 
Supplementation with Dalteparin was less effective although significantly reduced tumour intactness. However, 
the inclusion of either Rivaroxaban or Apixaban did not significantly alter the tumour formation. The inclusion 
of Tinzaparin but not Dalteparin also reduced tumour formation in AsPC-1 cells as measured on the seventh day 
of experiment while the inclusion of either Rivaroxaban or Apixaban was ineffective against this cell line (Fig. 4).
LMWH reduces vessel density and diameter in a non-fXa dependent manner. To evaluate the 
effect of Tinzaparin on CAM vessel formation, Gelfoam pads containing Tinzaparin (0–5 IU/ml) were placed on 
Figure 6. The influence of DOAC on vascularisation in CAM. The chorioallantoic membrane assay (CAM) 
were prepared and examined as described in the text. Gelfoam pads were soaked with a range of concentrations 
of Apixaban (0–1 µg/ml) or Rivaroxaban (0–0.6 µg/ml) or DMSO vehicle and placed on the top of the CAM. 
(A) The extent of vascularisation within the CAM was then examined over 3 days and Images captured using 
Leica Application Suite software. (B) The vessel density and (C) average vessel diameter was determined and 
compared to the DMSO-treated samples. (n = 3).
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the CAM for 3 days and recorded daily (Fig. 5A). Images were obtained from the same area with reference to the 
position of the Gelform. Tinzaparin produced a dose-dependent decrease in vessel density score and vessel diam-
eter with the highest dose used (5 IU/ml) causing 43% inhibition of total vessel density, compared to PBS control 
(Fig. 5B). This was concurrent with a 46% reduction in average vessel diameter in the treated samples compared 
to the control (Fig. 5C). For comparison, the influence of the VEGF blocker, Bevacizumab was examined along-
side. The inclusion of Bevacizumab within the Gelform pads reduced CAM vessel density score producing 14% 
inhibition with 12.5 µg/ml (Fig. 5D) without significantly affecting the average diameter of the vessels formed 
Figure 7. The influence of Tinzaparin on vascularisation of tumour implants. Tumour were prepared by 
resuspending WM-266-4 or AsPC-1 cells (2 × 106) within Matrigel matrix (5 µl), placed on top of the CAM and 
permitted to set. The test samples were supplemented with Tinzaparin (5 IU/ml) or PBS controls. The tumours 
and surrounding tissue were then excised and fixed in 4% (v/v) paraformaldehyde. The tumours were then 
removed and the underlying membrane probed with FITC-conjugated anti-PECAM-1 antibody and observed 
by (A) fluorescence as well as by (B) white-light microscopy. The extend of vascularisation beneath the tumour 
was determined by imaging and the average vessel diameter around the WM-266-4 (C) and AsPC-1 (D) 
tumours was determined. (n = 4, *p < 0.05 vs respective PBS control).
1 0Scientific RepoRts |          (2019) 9:6272  | https://doi.org/10.1038/s41598-019-42738-1
www.nature.com/scientificreportswww.nature.com/scientificreports/
(Fig. 5E). In contrast, inclusion of the either of the two direct fXa inhibitors Rivaroxaban or Apixaban did not alter 
the vessel density (Fig. 6A,B) or average diameter (Fig. 6A,C).
LMWH reduces tumour-induced vascularisation. In addition to examining the direct influence of 
the above anticoagulants on vascularisation, the outcome on the tumour growth and vascularisation was eval-
uated, in vivo. WM-266-4 and AsPC-1 tumours were implanted on the CAM and the tumours were permitted 
to grow and vascularise over 3 days. The tumours were then excised and the underlying membrane was probed 
using an FITC-conjugated rabbit polyclonal anti-PECAM-1 antibody. The membranes were examined by flu-
orescence (Fig. 7A) and white-light (Fig. 7B) microscopy. Implantation of the tumours spheroids (embedded 
within Matrigel), derived from either WM-266-4 or AsPC-1 cells resulted in increased vessel density and average 
vessel diameter at the locality of the tumour. Moreover, supplementation of the WM-266-4 and AsPC-1 cells with 
Tinzaparin (5 IU/ml) reduced the vascularisation, particularly interfering with the formation of larger vessels 
(Fig. 7C,D). Treatment with Tinzaparin (5 IU/ml) did not affect the rate of WM-266-4 tumour growth while in 
contrast, supplementation with Apixaban (1 µg/ml) partially reduced the growth of the implanted tumours com-
pared to the untreated sample (Fig. 8).
Figure 8. The influence of Tinzaparin and Apixaban on growth of tumour implants. Tumour were prepared by 
resuspending WM-266-4 cells (2 × 106) within Matrigel matrix (5 µl), placed on top of the CAM and permitted 
to set. The test samples were supplemented with Tinzaparin (5 IU/ml) or Apixaban (1 µg/ml) as well as 
untreated controls. (A) The tumours were observed over period of 4 days and the size of the of the tumours was 
determined. (n = 4, *p < 0.05 vs the untreated sample on the respective day).
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Discussion
It has previously been shown that treatment of cancer patients with LMWH has beneficial influences that extend 
beyond the point of withdrawal39 and in addition to the anti-coagulant activity. These additional influences appear 
to include the ability of LMWH to interfere with mechanisms including cellular signalling leading to tumour 
growth and angiogenesis5,7,10,19,23. This study aimed to examine the direct effects of Tinzaparin and Dalteparin on 
tumour cells, and to compare the outcomes to those by Rivaroxaban and Apixaban. All these anticoagulants func-
tion by inhibiting the coagulation factor Xa. However, the outcome of inclusion of LMWH were different to those 
of DOAC. Therefore, it appears that these agents may have functions beyond the inhibition of fXa. The ability of 
LMWH to alter the behaviour of cancer cells has been demonstrated previously5. We previously reported that 
Dalteparin was capable of reducing the expression of tissue factor through mechanisms that involved the suppres-
sion of NFκB activity, by blocking growth factor receptors40. In addition, treatment of cell lines also suppressed 
the invasive and migratory properties of the cells41,42. The activation of NFκB by growth factor receptors has 
been well documented and the blocking of various growth factor receptors by LMWH demonstrated40. In addi-
tion, heparins have been shown to lower tumour cell adhesion10. This action appears to affect different adhesion 
receptors and includes cell-cell interaction through selectins5,13 and adhesion to endothelial cells via ICAM43–45. 
Furthermore, this property of LMWH is not dependent on the anti-coagulant function46. In our study, both 
Tinzaparin and Dalteparin were capable of preventing tumour spheroid formation but in a cell type dependent 
manner. Furthermore, this ability was dissimilar in the two agents tested, with Tinzaparin exhibiting a greater 
potency. However, at present we cannot comment on the benefits, or alternatively detrimental outcomes of this 
property of Tinzaparin.
The anti-angiogenic influence of Tinzaparin was also compared to that of Bevacizumab and the outcome on 
vessel density and diameter was measured. Tinzaparin was able to reduce the vessel density, particularly the num-
ber of larger diameter vessels, in the treated CAM. Furthermore, since the implantation of the tumours increased 
the density of the underlying vessels, this reduction was more tangible. In contrast, incubation with either DOAC 
had no detectable influence on vascularistaion. These observation suggest that the anti-angiogenic property of 
Tinzaparin are also independent of its anti-fXa action. In comparison, Bevacizumab was able to reduce vessel 
density but did not alter the average vessel diameter. Bevacizumab acts through blocking VEGF receptor and 
impedes the formation of the capillaries and smaller vessels. However, LMWH seems to interfere with the cellular 
binding of a number of growth factors. These include the receptors for VEGF, bFGF, EGF40 and PDGF18 which 
are fundamental in the formation of larger blood vessels. For example, the ability of LMWH to block PDGF18, can 
alter the pericyte recruitment and maturation of vessel walls. Consequently, Tinzaparin is capable of influencing 
both the endothelial cells and surrounding pericytes. In contrast, Bevacizumab only hampers the formation of 
capillaries which primarily consist of endothelial cells.
Finally, the examination of either the CAM-implanted tumours, or the tumour growth in vitro did not show 
any differences in tumour growth on treatment with either LMWH. However, some reduction in the size of 
the tumour was detected following treatment of cells with Apixaban. This novel reduction in tumour size was 
attributed to the lower rate of cell proliferation (Featherby et al., unpublished data) but the mechanism was not 
investigated further, in this study.
The anticoagulant function of LMWH arises from its ability to provide a surface for the approximation of 
the coagulation factor Xa (fXa) and antithrombin III. However, LMWH is also capable of interfering with other 
mechanisms due to the ability to interact with a large range of proteins within the bloodstream and on the surface 
of the cells. Among these are a number of receptors involved in cell adhesion, cell migration and signals that 
control vascularisation and angiogenesis. In conclusion, this study has highlighted the dissimilar outcomes of 
treatment of cancer cells with therapeutic concentrations of Tinzaparin, Dalteparin, Apixaban and Rivaroxaban 
on tumour growth, invasion and vascularisation. We have established some of the non-anticoagulant functions of 
LMWH and elucidated the mode action of these therapeutic agents.
References
 1. Khorana, A. A., Francis, C. W., Culakova, E., Kuderer, N. M. & Lyman, G. H. Thromboembolism is a leading cause of death in cancer 
patients receiving outpatient chemotherapy. J. Thromb. Haemost. 5, 632–634 (2007).
 2. Ay, C., Pabinger, I. & Cohen, A. T. Cancer-associated venous thromboembolism: Burden, mechanisms, and management. Thromb. 
Haemost. 117, 219–230 (2017).
 3. Lyman, G. H. et al. American Society of Clinical Oncology. American Society of Clinical Oncology guideline: recommendations for 
venous thromboembolism prophylaxis and treatment in patients with cancer. J. Clin. Oncol. 25, 5490–5505 (2007).
 4. Mandalà, M. et al. Working group AIOM. Venous thromboembolism and cancer: guidelines of the Italian Association of Medical 
Oncology (AIOM). Crit. Rev. Oncol. Hematol. 59, 194–204 (2006).
 5. Niers, T. M. et al. Differential effects of anticoagulants on tumor development of mouse cancer cell lines B16, K1735 and CT26 in 
lung. Clin. Exp. Metastasis 26, 171–178 (2009).
 6. Lazo-Langner, A., Goss, G. D., Spaans, J. N. & Rodger, M. A. The effect of low-molecular-weight heparin on cancer survival. A 
systematic review and meta-analysis of randomized trials. J. Thromb. Haemost. 5, 729–737 (2007).
 7. Nagy, Z., Turcsik, V. & Blaskó, G. The effect of LMWH (Nadroparin) on tumor progression. Pathol. Oncol. Res. 15, 689–692 (2009).
 8. García-Escobar, I. et al. Cancer and Thrombosis Working Group of the Spanish Society of Medical Oncology (SEOM). Pleiotropic 
effects of heparins: does anticoagulant treatment increase survival in cancer patients? Clin. Transl. Oncol. 20, 1097–1108 (2018).
 9. Kakkar, A. K. et al. Low molecular weight heparin, therapy with dalteparin, and survival in advanced cancer: the fragmin advanced 
malignancy outcome study (FAMOUS). J. Clin. Oncol. 22, 1944–1948 (2004).
 10. Bobek, V. & Kovarík, J. Antitumor and antimetastatic effect of warfarin and heparins. Biomed. Pharmacother. 58, 213–219 (2004).
 11. Altundag, K. et al. Recent findings for anti-metastatic potential of heparin. Clin. Appl. Thromb. Hemost. 12, 376–377 (2006).
 12. Takahashi, H. et al. A comparison of the effects of unfractionated heparin, dalteparin and danaparoid on vascular endothelial 
growth factor-induced tumour angiogenesis and heparanase activity. Br. J. Pharmacol. 146, 333–343 (2005).
 13. Borsig, L. Heparin as an inhibitor of cancer progression. Prog. Mol. Biol. Transl. Sci. 93, 335–349 (2010).
 14. Smorenburg, S. M. & Van Noorden, C. J. The complex effects of heparins on cancer progression and metastasis in experimental 
studies. Pharmacol. Rev. 53, 93–105 (2001).
1 2Scientific RepoRts |          (2019) 9:6272  | https://doi.org/10.1038/s41598-019-42738-1
www.nature.com/scientificreportswww.nature.com/scientificreports/
 15. Rickles, F. R. & Falanga, A. Molecular basis for the relationship between thrombosis and cancer. Thromb. Res. 102, V215–224 (2001).
 16. Noonan, D. M., Barbaro, D. L., Vannini, A., Mortara, N. & Albini, L. A. Inflammation, inflammatory cells and angiogenesis: 
decisions and indecisions. Cancer Metastasis Rev. 27, 31–40 (2008).
 17. Rak, J. & Weitz, J. I. Heparin and angiogenesis: size matters! Arterioscler. Thromb. Vasc. Biol. 23, 1954–1955 (2003).
 18. Norrby, K. Low-molecular-weight heparins and angiogenesis. APMIS. 114, 79–102 (2006).
 19. Dogan, O. T. et al. Antiangiogenic activities of bemiparin sodium, enoxaparin sodium, nadroparin calcium and tinzaparin sodium. 
Thromb. Res. 128, e29–32 (2011).
 20. Bereczky, B. et al. Selective antimetastatic effect of heparins in preclinical human melanoma models is based on inhibition of 
migration and microvascular arrest. Clin. Exp. Metastasis 22, 69–76 (2005).
 21. DeFeo, K., Hayes, C., Chernick, M., Ryn, J. V. & Gilmour, S. K. Use of dabigatran etexilate to reduce breast cancer progression. 
Cancer Biol. Ther 10, 1001–1008 (2010).
 22. Khorana, A. A., Sahni, A., Altland, O. D. & Francis, C. W. Heparin inhibition of endothelial cell proliferation and organization is 
dependent on molecular weight. Arterioscler. Thromb. Vasc. Biol. 23, 2110–2115 (2003).
 23. Mousa, S. A. & Petersen, L. J. Anti-cancer properties of low-molecular-weight heparin:preclinical evidence. Thromb. Haemost. 102, 
258–267 (2009).
 24. Cassinelli, G. & Naggi, A. Old and new applications of non-anticoagulant heparin. Int. J. Cardiol. 212(Suppl 1), S14–21 (2016).
 25. Tieken, C. & Versteeg, H. H. Anticoagulants versus cancer. Thromb. Res. 140(Suppl 1), S148–153 (2016).
 26. Lupu, C. et al. Cellular effects of heparin on the production and release of tissue factor pathway inhibitor in human endothelial cells 
in culture. Arterioscler. Thromb. Vasc. Biol. 19, 2251–2262 (1999).
 27. Holroyd, E. W. et al. Tissue factor pathway inhibitor blocks angiogenesis via its carboxyl terminus. Arterioscler. Thromb. Vasc. Biol. 
32, 704–711 (2012).
 28. Alyahya, R., Sudha, T., Racz, M., Stain, S. C. & Mousa, S. A. Anti-metastasis efficacy and safety of non-anticoagulant heparin 
derivative versus low molecular weight heparin in surgical pancreatic cancer models. Int. J. Oncol. 46, 1225–12231 (2015).
 29. Bhakuni, T. et al. Role of heparin and non heparin binding serpins in coagulation and angiogenesis: A complex interplay. Arch. 
Biochem. Biophys. 604, 128–142 (2016).
 30. Brem, H. & Folkman, J. Inhibition of tumor angiogenesis mediated by cartilage. J. Exp. Med. 141, 427–439 (1975).
 31. Jakob, W., Jentzsch, K. D., Mauersberger, B. & Heder, G. The chick embryo choriallantoic membrane as a bioassay for angiogenesis 
factors: reactions induced by carrier materials. Exp. Pathol. (Jena) 15, 241–249 (1978).
 32. McAuslan, B. R., Reilly, W. G., Hannan, G. N. & Gole, G. A. Angiogenic factors and their assay: activity of formyl methionyl leucyl 
phenylalanine, adenosine diphosphate, heparin, copper, and bovine endothelium stimulating factor. Microvasc. Res. 26, 323–338 
(1983).
 33. Mousa, S. A. & Mohamed, S. Anti-angiogenic mechanisms and efficacy of the low molecular weight heparin, tinzaparin: anti-cancer 
efficacy. Oncol. Rep. 12, 683–638 (2004).
 34. Tan, H. et al. Enhanced anti-angiogenesis and anti-tumor activity of endostatin by chemical modification with polyethylene glycol 
and low molecular weight heparin. Biomed. Pharmacother. 66, 648–654 (2012).
 35. Mousa, S. A. Comparative pharmacodynamic assessment of the antiangiogenesis activity of heparin and low-molecular-weight 
heparin fractions:structure-function relationship. Clin. Appl. Thromb. Hemost. 19, 48–54 (2013).
 36. Katrancioglu, N. et al. Comparison of the antiangiogenic effects of heparin sodium, enoxaparin sodium, and tinzaparin sodium by 
using chorioallantoic membrane assay. Blood Coagul. Fibrinolysis. 23, 218–221 (2012).
 37. Ettelaie, C., Collier, M. E., Mei, M. P., Xiao, Y. P. & Maraveyas, A. Enhanced binding of tissue factor-microparticles to collagen-IV 
and fibronectin leads to increased tissue factor activity in vitro. Thromb. Haemost. 109, 61–71 (2013).
 38. Bonnekoh, B., Wevers, A., Jugert, F., Merk, H. & Mahrle, F. Colorimetric growth assay for epidermal cell cultures by their crystal 
violet binding capacity. Arch. Dermatol. Res. 281, 487–490 (1989).
 39. Maraveyas, A. et al. Gemcitabine versus gemcitabine plus dalteparin thromboprophylaxis in pancreatic cancer. Eur. J. Cancer 48, 
1283–1292 (2012).
 40. Ettelaie, C. et al. Low molecular weight heparin downregulates tissue factor expression and activity by modulating growth factor 
receptor-mediated induction of nuclear factor-κB. Biochim. Biophys. Acta. 1812, 1591–1600 (2011).
 41. Ettelaie, C. et al. Low molecular weight heparin suppresses tissue factor-mediated cancer cell invasion and migration in vitro. Exp. 
Ther. Med. 2, 363–367 (2011).
 42. Maraveyas, A. et al. Weight-adjusted dalteparin for prevention of vascular thromboembolism in advanced pancreatic cancer patients 
decreases serum tissue factor and serum-mediated induction of cancer cell invasion. Blood Coagul. Fibrinolysis. 21, 452–458 (2010).
 43. Manduteanu, I., Voinea, M., Capraru, M., Dragomir, E. & Simionescu, M. A novel attribute of enoxaparin: inhibition of monocyte 
adhesion to endothelial cells by a mechanism involving cell adhesion molecules. Pharmacology 65, 32–37 (2002).
 44. Lever, R., Hoult, J. R. & Page, C. P. The effects of heparin and related molecules upon the adhesion of human polymorphonuclear 
leucocytes to vascular endothelium in vitro. Br. J. Pharmacol. 129, 533–540 (2000).
 45. Manduteanu, I., Dragomir, E., Voinea, M., Capraru, M. & Simionescu, M. Enoxaparin reduces H2O2-induced activation of human 
endothelial cells by a mechanism involving cell adhesion molecules and nuclear transcription factors. Pharmacology 79, 154–162 
(2007).
 46. Sudha, T. et al. Inhibitory effect of non-anticoagulant heparin (S-NACH) on pancreatic cancer cell adhesion and metastasis in 
human umbilical cord vessel segment and in mouse model. Clin. Exp. Metastasis. 29, 431–439 (2012).
Acknowledgements
This study was partly sponsored by Leo Pharma, UK (LROUK) and Bristol Myers Squibb (CV185-484) and 
pure substances were provided by Bayer UK (Rivaroxaban), Bristol Meyer Squibb (Apixaban) and Leo Pharma 
(Tinzaparin). SF is supported by an unrestricted grant from the Castle Hill Cancer Charity.
Author Contributions
The design of the study was by C.E. and A.M. S.F. and Y.X. performed the experiments. Evaluate the data they did 
S.F., C.E., and A.M., and prepare the manuscript they did C.E., L.L.N., J.G. and A.M.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-42738-1.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
13Scientific RepoRts |          (2019) 9:6272  | https://doi.org/10.1038/s41598-019-42738-1
www.nature.com/scientificreportswww.nature.com/scientificreports/
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
